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[document title] specification 

[title of invention] method of production of nanoparticle 

and nanoparticle 

produced by the method of production 

[claims] 

[CLAIM l] A method of the production of a nanoparticle 
which comprises a step of forming a nanoparticle including a 
compound of a metal ion in a cavity part of a protein , in a solution 
containing the protein, the metal ion, and a carbonate ion and/or 
a hydrogen carbonate ion. 

[CLAIM 2] The method of the production of a nanoparticle 
according to claim 1, wherein said compound is a hydroxide. 

[CLAIM 3] The method of the production of a nanoparticle 
according to claim 2 , wherein said metal ion is any one of a 
nickel ion (Ni 2+ ), a chromium ion (Cr 2+ ) or a copper ion (Cu 2+ ) . 

[CLAIM 4] The method of the production of a nanoparticle 
according to claim 3, wherein said metal ion is a nickel ion. 

[CLAIM 5] The method of the production of a nanoparticle 
according to claim 3, wherein said metal ion is a chromium ion. 

[CLAIM 6] The method of the production of a nanoparticle 
according to claim 3, wherein said metal ion is a copper ion. 

[CLAIM 7] The method of the production of a nanoparticle 
according to claim 2 , wherein pH of said solution is 
approximately equal to a precipitation point of a hydroxide of 
said metal ion. 

[CLAIM 8] The method of the production of a nanoparticle 
according to claim 4, wherein pH of said solution is 8 or greater 
and 9 or less. 

[CLAIM 9] The method of the production of a nanoparticle 
according to claim 4, wherein pH of said solution is 8.14 or 
greater and 8.22 or less. 

[CLAIM 10] The method of the production of a nanoparticle 
according to claim 4, wherein said solution further comprises 
an ammonium ion . 

[CLAIM ll] The method of the production of a nanoparticle 
according to claim 10, wherein pH of said solution is greater 
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than 8.3 and equal to or less than 8.65. 

[CLAIM 12] The method of the production of a nanoparticle 
according to claim 1, wherein said protein is at least one of 
apoferritin. Dps protein, CCMV protein or TMV protein. 

[CLAIM 13] The method of the production of a nanoparticle 
according to claim 1 , wherein said solution comprises a carbonate 
ion and/or a hydrogen carbonate ion produced by bubbling carbon 
dioxide thereto . 

[CLAIM 14] The method of the production of a nanoparticle 
according to claim 1 further comprise a step of eliminating the 
protein by a heat treatment after forming said nanoparticle. 

[CLAIM 15] A nanoparticle produced by the method of the 
production of a nanoparticle according to claim 1. 

[CLAIM 16] A complex comprising a nanoparticle and a 
protein, which is formed in the process of the production by 
the method of the production of nanoparticle according to claim 
1. 

[DETAILED DESCRIPTION OF THE invention] 
[OOOI] 

[TECHNICAL FIELD WHERE THE INVENTION BELONGS] 

The present invention relates to a method of the production 
of a nanoparticle in which a cavity of a protein is utilized, 
a nanoparticle produced by the method of the production, and 
a nanopar t icle - prot ein complex generated in the production step 
of the method of the production. 
[0002] 

[description of the prior art] 

Mainstream of the development of functional materials 
implemented so far involves exploration and synthesis of novel 
compounds which allow performing a desired function. However, 
in recent years, it has been desired to allow performing new 
functions which can not be achieved in a bulk state through 
producing nanoparticles obtained by fine division of a substance 
into a nanometer size. In particular, production of 
nanoparticles of semiconductors or inorganic materials 
including a metal compound as a center has been strongly desired 
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for the purpose of producing quantum effect devices which draw 
the attention in recent years. 
[0003] 

Methods of the production of nanoparticles which have been 
conventionally carried out involve physical grinding methods, 
chemical synthesis methods and the like. For example, the 
physical grinding methods have been widely used in order to 
obtain starting materials upon baking of ceramics . In addition, 
examples of the chemical synthesis method include methods in 
which gold nanoparticles are produced through reducing 
chloroauric acid among long chain organic compounds . The long 
chain organic compound in this process inhibits the growing of 
a gold particle to an enormous size. 
[0004] 

Furthermore, there exist methods in which a complex 
between an organic compound and a nanoparticle is generated 
followed by a chemical reaction to result in uniform particles . 
As an application of this method, there also exists a method 
in which gold nanoparticles are obtained having a self -assembled 
monomolecular membrane (SAM membrane) formed on their surfaces 
through fixing a gold atom on a material for forming a SAM 
membrane, and assembling the material such that the gold atom 
becomes the center. Moreover, a method is also executed in which 
a micelle including a material which forms a nanoparticle is 
produced, and nanoparticles are produced using a chemical 
reaction in the micelle. 
[0005] 

In order to produce a quantum effect device, it is 
essential to obtain nanoparticles having the identical diameter. 
Energy level which can be attained by an electron in a 
nanoparticle greatly varies depending upon the diameter in the 
order of several nanometers. Hence, to give a constant diameter 
is important in applying nanoparticles having a quantum effect 
to an electronic circuit . 
[0006] 

However, it is difficult to obtain nanoparticles having 
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a uniform diameter by the conventional methods as described above . 
In the physical grinding method, for example, it is originally 
difficult to make the particle diameter smaller than the micron 
size, and even though the size could approximate the order of 
nanometer, no mechanism has been established to accomplish a 
constant diameter. Hence, great spread of the diameter of thus 
resulting nanoparticles is inevitably generated. In addition, 
in the chemical synthesis method, the great spread of the 
diameter of the resulting nanoparticles is also generated 
inevitably because a chemical reaction is utilized therein. 
Further, it is also disadvantageous in respect of the required 
time period and cost. 
[0007] 

On the other hand, in an attempt to apply biotechnology 
to other filed, there exist investigations in which 
nanoparticles having uniform size in the order of nano are 
intended to be produced through rendering the incorporation of 
a metal or a metal compound into apof erritin that is a protein 
having a function to hold a metal compound. Investigations have 
been carried out so that any of various kinds of metals or metal 
compounds is introduced into apof erritin in compliance with the 
use of the nanoparticle . 
[0008] 

Apof erritin is now explained below. Apof erritin is a 
protein which is present widespread in an animate nature, and 
plays a role to regulate the amount of iron which is an essential 
trace element in a living body. A complex of iron or an iron 
compound with apof erritin is referred to as ferritin. Since 
iron is deleterious to a living body when it is present in an 
excessive amount in the body, excess iron is stored in the body 
in the form of ferritin. Furthermore, ferritin returns to 
apof erritin through releasing an iron ion as needed. 
[0009] 

Fig. 1 is a schematic view illustrating the structure of 
apof erritin. As shown in Fig. 1, apof erritin 1 is a spherical 
protein having the molecular weight of about 460,000 with 24 
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monomer subunits, which are formed from a single polypeptide 
chain, being assembled via noncovalent bonds, having the 
diameter of about 12 nm, and exhibits higher thermostability 
and pH stability in comparison with general proteins. There is 
a cavity- like holding part 4 having the diameter of about 6 nm 
in the center of apoferritin 1, and the outside and the holding 
part 4 are connected via a channel 3. For example, when a 
bivalent iron ion is incorporated into apoferritin 1, the iron 
ion enters from the channel 3, and reaches to the holding part 
4 after being oxidized in a place which is present within a part 
of the subunits and is referred to as a ferrooxidase center (iron 
oxidation active center) . The iron ion is thereafter 
concentrated in a negative charge region on the inner surface 
of the holding part 4. Then, the iron atoms assemble by 3000 
to 4000 , and held in the holding part 4 in the form of a f errihalide 
( 5Fe 2 0 3 ' 9H z O) crystal. Diameter of the nanoparticle , which was 
held in the holding part 4, comprising the metal atom is nearly 
equal to the diameter of the holding part 4 , which is about 6 
nm. 

[ooio] 

Using this apoferritin, nanoparticle-apof erritin 
complexes have been generated in which a metal or a metal compound 
other than iron is artificially carried. 

[ooii] 

Introduction of a metal or a metal compound such as 
manganese (see, nonpatent literature 1 and nonpatent literature 
2), uranium (see, nonpatent literature 3), beryllium (see, 
nonpatent literature 4), aluminum (see, nonpatent literature 
5), and zinc (see, nonpatent literature 6) into apoferritin has 
been reported so far. The diameter of the nanoparticles 
including any one of these metals or metal compounds is also 
nearly equal to the diameter of the holding part 4 of apoferritin, 
which is about 6 nm. 
[0012] 

Summary of the process in which nanoparticles including 
an iron atom are formed in apoferritin in the natural world is 
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as follows. 

[0013] 

On the surface of the channel 3 which connects between the 
outside and inside of apoferritin 1 (see, Fig. 1) are exposed 
amino acids having a negative charge under a condition of pH 
of 7-8, thus iron (II) ions having a positive charge are 
incorporated into the channel 3 by an electrostatic interaction. 
[0014] 

On the inner surface of the holding part 4 of apoferritin 
1 are exposed a lot of glutamic acid residues which are amino 
acid residues having a negative charge at pH 7-8, similarly to 
the inner surface of the channel 3, and the iron (II) ions 
incorporated from the channel 3 are oxidized at the f erroxidase 
center, followed by introduction to the internal holding part 
4. Then, the iron ions are concentrated by an electrostatic 
interaction, and the core formation of a ferrihalide (5Fe 2 0 3 * 
9H 2 0) crystal is caused. 
[0015] 

Thereafter, a core which comprises iron oxide is grown 
through adherence of the iron ions, which are sequentially 
incorporated, to the crystal core, and accordingly, a 
nanoparticle having the particle diameter of 6 nm is formed in 
the holding part 4. Summary of the formation of a nanoparticle 
including iron oxide as well as the incorporation of the iron 
ions is as set forth above. 
[0016] 

Although a mechanism of the incorporation of iron ions 
into apoferritin was described hereinabove, it is believed that 
other metal ions, which were reported hitherto as candidates 
for the introduction, also involve an approximately similar 
mechanism to that for the iron ion. 

[0017] 

[Nonpatent literature l] 
P. Mackle, 1993, J. Amer. Chem. Soc. 115, pp. 8471-8472 

[Nonpatent literature 2] 
F. C. Meldrum et al., 1995, J. Inorg. Biochem. 58, pp. 59-68 
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[Nonpatent literature 3] 
J. F. Hainfeld, 1992, Proc. Natl. Acad. Sci. USA, 89, pp. 
11064-11068 

[Nonpatent literature 4] 
D. J. Price, 1983, J. Biol. Chem. 258, pp. 10873-10880 

[Nonpatent literature 5] 
J. Fleming, 1987, Proc. Natl. Acad. Sci. USA, 84, pp. 7866-7870 

[Nonpatent literature 6] 
D. Price and J. G. Joshi, Proc. Natl. Acad. Sci. USA, 1982, 79, 
pp. 3116-3119 
[0018] 

[PROBLEMS TO BE SOLVED BY THE INVENTION] 

However, metal ions which can be incorporated in the 
cavity part by the method described above were limited to 
particular ones . An object of the present invention is to provide 
a method of the production a nanoparticle in which a cavity of 
a protein is utilized, which enables to obtain also nanoparticles 
including a metal ion such as nickel ion (Ni 2+ ) , chromium ion 
(Cr 2+ ) , copper ion (Cu 2+ ) or the like which has not been hitherto 
reported on the formation of a nanoparticle in a cavity part 
of a protein. 

[0019] 

[MEANS FOR SOLVING THE problem] 

The present invention is directed to a method of the 
production of a nanoparticle which comprises a step of forming 
a nanoparticle, which includes compound of a metal ion in a cavity 
part of a protein, in a solution containing the protein, the 
metal ion, and a carbonate ion and/or a hydrogen carbonate ion. 
[0020] 

Examples of the aforementioned compound include e.g., a 
hydroxide . 

[0021] 

The aforementioned metal ion is preferably any one of a 
nickel ion (Ni 2+ ), a chromium ion (Cr 2+ ) or a copper ion (Cu 2 *). 
[0022] 

The pH of the aforementioned solution is preferably 
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approximately equal to a precipitation point of a hydroxide of 
the aforementioned metal ion. 
[0023] 

When a nickel ion is used as the aforementioned metal ion, 
the pH of the aforementioned solution is preferably 8 or greater 
and 9 or less, and the pH of the aforementioned solution is for 
example 8,14 or greater and 8.22 or less. 
[0024] 

In addition, when a nickel ion is used as the 
aforementioned metal ion , the aforementioned solution 
preferably includes an ammonium ion, and in this instance, the 
pH of the aforementioned solution is preferably greater than 
8.3 and equal to or less than 8.65. 
[0025] 

For example, the aforementioned protein is at least one 
of apoferritin. Dps protein, CCMV protein or TMV protein. 
[0026] 

For example, the aforementioned solution contains a 
carbonate ion and/or a hydrogen carbonate ion produced by 
bubbling carbon dioxide thereto. 
[0027] 

After forming the aforementioned nanoparticle , the method 
may further comprise a step of eliminating the protein by a heat 
treatment . 

[0028] 

In addition, the present invention concerns a nanoparticle 
produced by the aforementioned method of the production of a 
nanoparticle . 

[0029] 

Moreover, the present invention concerns a complex 
comprising a nanoparticle and a protein, which is formed in the 
process of the production by the aforementioned method of 
production of a nanoparticle. 
[0030] 

[EMBODIMENT OF THE invention] 
( Embodiment 1 ) 
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The method of the production of a nanoparticle according 
to this embodiment is explained with reference to Fig. 1 and 
Fig. 2. 

[0031] 

Fig. 2 is a flow chart illustrating a method of the 
production of a complex comprising a protein including a 
nanoparticle of a nickel compound therein of this embodiment 
(hereinafter, may be also referred to as "nickel 
compound- apof err it in complex") 
[0032] 

First, as shown in Fig. 2, in the step Stl, a buffer 
including a mixed solution of HEPES and CAPSO, an apoferritin 
solution, a nickel salt solution, Milli Q water, and carbon 
dioxide are provided. The buffer, apoferritin solution, nickel 
salt solution and Milli Q water provided for use in this step 
should be degassed. 
[0033] 

Next, in the step St2, carbon dioxide -bubbled water is 
prepared by bubbling carbon dioxide in degassed Milli Q water. 
[0034] 

Next, in the step St3, a reaction solution is prepared by 
adding the buffer, apoferritin solution and nickel salt solution 
to the carbon dioxide-bubbled water obtained in the 
aforementioned step St2. Thereafter, the reaction solution is 
left to stand for 24 hours. 
[0035] 

The operations for producing the nickel 
compound-apof erritin complex explained hereinabove are all 
conducted at room temperature, or in the range of the temperature 
which does not result in denaturation of apoferritin, while 
stirring with a stirrer. 
[0036] 

By the aforementioned operations, the compound of a nickel 
ion (Ni 2+ ) is introduced into a holding part 4 of apoferritin 
1 to form a nickel compound-apof erritin complex. 
[0037] 
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Proteins including apof erritin are produced on the basis 
of information of a DNA, and are readily reproduced in a large 
number by any known method. Further, it is well known that 
proteins reproduced from the identical DNA in a large number 
have the same structure in an accuracy of the angstrom level. 
Therefore, the cavity like holding parts 4 carried by apof erritin 
used in this embodiment all have the same size and shape. 
[0038] 

Therefore, when nanoparticles are produced in proteins as 
in this embodiment, the diameter of the nanoparticle is defined 
by the protein to result in nanoparticles having a uniform 
particle diameter. For example, in accordance with this 
embodiment, the diameter of the nanoparticle becomes 6 nm which 
is almost the same as the diameter of the holding part of 
apof erritin . 

[0039] 

Although apoferritin was used as a protein in this 
embodiment, any protein constituted from a single subunit or 
any protein constituted from multiple subunits may be used in 
stead of apoferritin as long as the protein has a cavity part. 
Further, the protein is not limited to one with a cavity part 
having a spherical form, but may be any one with a cavity part 
having a rod shape, a ring shape or the like. For example, Dps 
protein, viral protein or the like may be used. When Dps protein 
(a spherical shell- like protein having the diameter of 9 nm, 
and having a holding part therein with the diameter of 4 nm) 
is used, nanoparticles having the diameter of 4 nm can be produced. 
Examples of the viral protein include for example, CPMV, CCMV, 
HSV, Rotavirus, Reovirus, LA-1, Polyoma, CaMV, HPV, Ross River, 
SpV-4, fX174, FHV, HRV-14, Polio and the like. Preferably, a 
viral protein such as CPMV or CCMV may be used. According to 
the method of this embodiment, formation of nanoparticles are 
rendered in compliance with the shape and size of the cavity 
part of the protein used. Nanoparticle herein refers to a 
particle having a major axis of 50 nm or less, and having the 
size at least allowing for stable presence as a particle. An 
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exemplary nanoparticle corresponds to a particle having a major 
axis of 1 nm to 50 nm. 
[0040] 

Moreover, although the production of a nanoparticle 
composed of a nickel compound is explained in this embodiment, 
the method of this embodiment can be applied to also in the case 
where a nanoparticle composed of a compound including a metal 
atom such as chromium or copper is produced. Metal compounds 
which may constitute the nanoparticle formed by the method of 
this embodiment vary depending on the added metal ion or the 
like, however, they may be for example, a hydroxide and/or an 
oxide . 

[0041] 

When nanoparticles composed of a chromium compound are 
produced, a chromium salt solution is mixed in the reaction 
solution in stead of the nickel salt solution used in this 
embodiment. Other conditions are as set forth in this 
embodiment. When nanoparticles composed of a copper compound 
are produced, a copper salt solution is mixed in the reaction 
solution in stead of the nickel salt solution used in this 
embodiment. Other conditions are as set forth in this 
embodiment . 

[0042] 

The presence of a hydrogen carbonate ion (HCO 3 ) and/or 
carbonate ion (C0 3 2 ~) in the reaction solution is important for 
the formation of a nanoparticle in this embodiment. Therefore, 
bubbling of carbon dioxide in degassed Milli Q water is executed 
in the step St 2 in this embodiment, however, this step is not 
limited thereto but a process in which a hydrogen carbonate ion 
(HCO 3 ) and/or carbonate ion (C0 3 2 ~) is added to the reaction 
solution may be employed. For example, a carbonate such as 
sodium carbonate (Na 2 C0 3 ) or sodium bicarbonate (NaHC0 3 ) or the 
like may be used through dissolving in Milli Q water. 
[0043] 

In accordance with this embodiment, the buffer for use is 
a mixed solution of HEPES and CAPSO. However, means for 

1 1 



adjusting the pH is not limited thereto, but any means may be 
employed* For example, a buffer containing one kind of a 
buffering agent may be used, or a mixed solution of multiple 
kinds of buffering agents may be also used as a buffer. In 
particular , using a mixed solution of multiple kinds of buffering 
agents as a buffer is more advantageous than using a buffer 
containing one kind of a buffering agent, because the pH of the 
reaction solution can be readily adjusted. Accordingly, it is 
preferred that a mixed solution of multiple kinds of buffering 
agents is used as a buffer. 
[0044] 

In this embodiment, ammonium nickel sulfate (NiNH 3 (S0 4 )) 
is used as the nickel salt solution, but not limited thereto. 
For example, nickel sulfate (Ni(S0 4 )), nickel nitrate (Ni(N0 3 ) 2 ) 
or nickel chloride (NiCl 2 ) may be also used. In this embodiment, 
it is desired that an ammonium ion (NH 4 + ) is included in the 
reaction solution in light of the reaction yield. When an 
ammonium metal salt solution is used as a metal salt solution, 
the reaction solution shall contain an ammonium ion without 
adding any other component to the reaction solution. 
[0045] 

In accordance with this embodiment, time period for 
leaving to stand after preparing the reaction solution is set 
to be 24 hours, however the time period is not limited thereto, 
but it is desirable to select the most appropriate time period 
to comply with the constitution, pH and the like of each reaction 
solution. 

[0046] 

More specific conditions and the like of the reaction 
solution in connection with the method for the production of 
a nanoparticle demonstrated in this embodiment are described 
below in the section of Examples . 

[0047] 
(Embodiment 2) 

In this embodiment, a nonvolatile memory cell is explained, 
which includes dot bodies composed of nanoparticles produced 
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by utilizing nickel compound - apof err it in complexes produced in 
the embodiment 1 described above, as a floating gate. 
[0048] 

Figs. 3 (a) to (d) are process sectional views illustrating 
a method of the production of a nonvolatile memory cell of this 
embodiment . 

[0049] 

First, in the step depicted in Fig. 3 (a), on a type p Si 
basal plate 101 is formed a chip separating oxide membrane 102 
surrounding the active region by a LOCOS method, and thereafter 
a gate oxide membrane 103 which functions as a tunnel insulation 
membrane is formed on the basal plate by a thermal oxidation 
method. Then, dot bodies 104 composed of a nanoparticle of 
nickel having the diameter of approximately 6 nm are formed on 
the basal plate. Process for forming the dot bodies 104 on the 
basal plate is explained later. 
[0050] 

Next, in the step depicted in Fig. 3 (b) , on the basal plate 
is deposited a Si0 2 membrane into which the dot bodies 104 are 
embedded by a sputter method or a CVD method. 
[005l] 

Next, in the step depicted in Fig. 3 (c), an Al membrane 
is deposited on the basal plate. Subsequently, a silicon oxide 
membrane 105 which shall be an insulation membrane between 
electrodes and an Al electrode 106 which shall be a regulation 
gate electrode are formed by patterning of the Si0 2 membrane and 
Al membrane using a photo resist mask Prl . Upon this 
manipulation, a part of the gate oxide membrane 103 without being 
covered by the photo resist mask Prl is eliminated, therefore, 
the dot bodies 104 thereon are concurrently eliminated. 
Thereafter, first and second diffusion layers 107a and 107b of 
type n are formed through carrying out the infusion of an impure 
ion, with the photo resist mask and the Al electrode 106 as masks . 
[0052] 

Then, in the step depicted in Fig. 3 (d), formation of an 
insulation membrane 108 between layers; opening of a contact 



hole 109 of the insulation membrane 108 between layers; formation 
of a tungsten plug 110 by embedding tungsten into a contact hole 
109; and formation of first and second aluminum wirings 111a 
and 111b are carried out by any known method. 
[0053] 

Although an Si basal plate of type p was used as a basal 
plate in this embodiment , also an Si basal plate of type n may 
be used, or alternatively, any basal plate which is constituted 
from other semiconductor such as a compound semiconductor 
including GaAs may be also used. 
[0054] 

Next, a process for forming dot bodies 104 on the basal 
plate in the step depicted in Fig. 3 (a) is explained below with 
reference to Fig. 4 and Fig. 5. However, the process for forming 
dot bodies 104 on the basal plate is not limited to the process 
as explained below, but any other known process can be also 
applied. 

[0055] 

First, in the step depicted in Fig. 4 (a), nickel 
compound-apof erritin complexes (hereinafter, abbreviated as 
"complex" in this embodiment) 150 obtained in the aforementioned 
embodiment 1 are provided, and these complexes 150 are arranged 
on the surface of a basal plate 130. Accordingly, a complex 
membrane having the complexes 150 arranged on the surface of 
the basal plate 130 at high density and with high accuracy is 
formed. The basal plate 130 herein refers to that formed on an 
Si basal plate 101 of type p in the step depicted in Fig. 3 (a) 
by a LOCOS method through forming a chip separating oxide 
membrane 102 surrounding the active region, and thereafter 
forming a gate oxide membrane 103 which functions as a tunnel 
insulation membrane on the basal plate by a thermal oxidation 
method. Similar matter can be applied in the following 
explanation. 

[0056] 

Next, in the step depicted in Fig. 4 (b), dot bodies 104 
are formed on the basal plate 130 by eliminating the protein 
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molecules 140 in the complexes 150 to leave the nanoparticles 
104a of the nickel compounds alone. 
[0057] 

In the step depicted in Fig. 4 (a), the process for 
arranging the complexes 150 on the surface of the basal plate 
130 at high density and with high accuracy, in other words, for 
aligning and fixing in a two dimensional fashion on the surface 
of the basal plate 130 is now explained. In this embodiment, 
a process described in JP-A No . 11-45990 is adopted. The process 
is explained below with reference to Fig. 5. 
[0058] 

First, in the step depicted in Fig. 5 (a), a liquid 160 
(the nickel compound-apof erritin complexes dispersed in a 
mixed solution of an equal amount of a phosphate buffer solution 
having the concentration of 40 mM and pH of 5.3 and an aqueous 
sodium chloride solution having the concentration of 40 mM) 
including complexes 150 dispersed therein is provided. 
[0059] 

Subsequently, in the step depicted in Fig. 5 (b), PBLH 
(Poly-l-Benzil-L-Histidine) is gently developed on the surface 
of the liquid 160 with a syringe or the like. A polypeptide 
membrane 170 which is composed of PBLH is thereby formed on the 
surface of the liquid 160. Thereafter, the pH of the liquid 160 
is adjusted. 

[0060] 

Next, in the step depicted in Fig. 5 (c), the complexes 
150 are adhered onto the polypeptide membrane 170 in a time 
dependent manner to yield two dimensional crystals of the 
complexes 150. This is caused by the positively charged 
polypeptide membrane 170, contrary to the negatively charged 
complexes 150 . 
[0061] 

Next, in the step depicted in Fig. 5 (d) , the basal plate 
130 is placed (floated) on the polypeptide membrane 170 to allow 
adhesion of the polypeptide membrane 170 onto the basal plate 
130. 



[0062] 

Next, by recovering the basal plate 130 in the step 
depicted in Fig. 5(e), the basal plate 130 having two dimensional 
crystals of the complexes 150 adhered via the polypeptide 
membrane 170 can be obtained. 
[0063] 

Next, the step depicted in Fig. 4 (b) is explained in more 
detail. Since a protein molecule is generally weak against heat, 
elimination of the protein molecule 140 in the complex 150 is 
carried out by a heat treatment. For example, by standing still 
in an inert gas such as nitrogen or the like at 400-500° C for 
about 1 hour, the protein molecule 140 and the polypeptide 
membrane 170 are burnt out, and thus nickel nanoparticles 104a 
remain on the basal plate 130 in a two dimensional fashion as 
dot bodies 104 which are regularly aligned at high density and 
with high accuracy. 
[0064] 

Accordingly, the dot bodies 104 which are aligned at high 
density and with high accuracy can be formed by rendering the 
nickel nanoparticles 104a that were held by the complexes 150 
appear on the basal plate 130 in a two dimensional fashion, as 
shown in Fig. 4 (b) . Heat treatment was employed as the process 
for eliminating the protein molecules 140 in this embodiment, 
however, the process is not limited thereto but may be executed 
by deleting through the decomposition of the protein using for 
example, a proteolytic enzyme, a chemical substance or the like. 
[0065] 

As shown in Fig. 3 (d), the memory cell 100 of this 
embodiment is equipped with the Al electrode 106 which functions 
as a regulation gate and a MOS transistor (memory cell transistor) 
composed of the first and second diffusion layers 107a and 107b 
of type n which function as a source or a drain, and is a 
nonvolatile memory cell in which alteration of threshold 
potential of the aforementioned memory transistor is utilized 
depending upon the amount of the charge accumulated in the dot 
bodies 104 which function as a floating gate. 
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[0066] 

A function as a memory which memorizes two values can be 
achieved according to this nonvolatile memory cell. In addition, 
nickel, chromium and copper are different in terms of their work 
functions from iron, manganese, cobalt and the like, as shown 
in Table 1 . 

[0067] 



[Table l] 



Metal 


Work function 


Mn 


4 .08 


Zn 


4 .33 


Fe 


4 .60 


Co 


4 .97 


Ni 


5 . 22 


Pt 


5 . 63 


Cr 


4 . 50 


Cu 


4.50 



Consequently, control of the accumulation of electrons is 
enabled by utilizing these nanoparticles in combination through 
the use of differences in likelihood of accumulation of the 
electrons therein. Therefore, versatility of design of the 
quantum effect device can be achieved. 
[0068] 

Fig. 6 is a top view illustrating a nonvolatile memory cell 
100' having exactly the same constitution as that of the 
aforementioned memory cell 100 except that multiple kinds of 
dot bodies 104, which are formed from compounds having different 
work functions with each other, are formed as a floating gate. 
[0069] 

As is shown in Fig. 6, by forming multiple kinds of dot 
bodies 104, which are formed from compounds having different 



work functions with each other, as a floating gate, memory of 
multiple values that are three values or more (four values memory 
in the nonvolatile memory cell 100 ' ) can be also put into practice 
capable of controlling not only the presence of the charge 
accumulated in the dot bodies 104 but also the amount of 
accumulation of the charge. 
[0070] 

Upon clearing data, an FN (Fowler-Nordheim) current via 
an oxide membrane or a direct tunneling current is utilized. 
[007l] 

Further, for writing data, an FN current via the oxide 
membrane, a direct tunneling current or channel hot electron 
(CHE) infusion is employed. 
[0072] 

Since the nonvolatile memory cell of this embodiment is 
composed of nickel nanoparticles having the particle diameter 
small enough to allow the floating gate to function as a quantum 
dot, the amount of the accumulation of charge becomes slight. 
Therefore, the amount of current upon writing and clearing can 
be diminished, and thus a nonvolatile memory cell with low 
electric power consumption can be constituted. 
[0073] 

Additionally, according to the nonvolatile memory cell of 
this embodiment, because the size of the nickel dot bodies 104 
that constitute the floating gate is uniform, properties 
exhibited during infusion and drawing of the charge are uniform 
among respective nickel dot bodies 104 , and thus regulation upon 
these manipulations can be readily conducted. 
[0074] 
[Example] 

(Example 1: Production of nickel compound- apoferrit in 
complex) 

In this Example, each of the solutions was first prepared, 
i.e., an apoferritin solution in which HEPES buffer, CAPSO 
buffer and commercially available apoferritin (derived from 
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equine spleen) were dissolved, and an ammonium nickel sulfate 

solution. Concentration and pH of each solution are as shown 

in Table 2. After preparing each solution, degassing of the 

HEPES buffer and CAPSO buffer was immediately conducted. 
[0075] 

[Table 2] 



Solution (pH) 


Concentration 


HEPES buffer (pH 7.5) 


500 mM 


CAPSO buffer (pH 9.5) 


500 mM 


Apof err it in solution 


55 mg/ml 


Ammonium nickel sulfate solution 


200 mM 



Next, Milli Q water was provided, and carbon 

dioxide -bubbled water was prepared by bubbling carbon dioxide 

into Milli Q water for 30 minutes. Immediately thereafter, a 

reaction solution was prepared having the constitution presented 

in Table 3 by admixing each solution presented in Table 2 into 

the carbon dioxide-bubbled water. In this Example, reaction 

solutions having three different CAPSO concentrations were 

prepared. Thus, reaction solutions having three kinds of pH 

were prepared . 
[0076] 
[Table 3] 



Solution (pH) 


Concentration 


HEPES 


150 mM 


CAPSO 


235, 250, 265 mM 


Apof erritin 


0.3 mg/ml 
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Ammonium nickel sulfate 5 mM 



In this Example, each reaction solution having the 

constitution presented in Table 3 was prepared to give the 

total volume of 3 ml, therefore, the amount added of carbon 

dioxide-bubbled water and each solution presented in Table 

2 was as shown in Table 4 . 
[0077] 
[Table 4] 



Solution (concentration, pH) 


Concentration 


Carbon dioxide -bubbled water 


Added to give total volume of 3 ml 


HEPES buffer (500 mM, pH 7.5) 


900 pi 


CAPSO buffer (500 mM, pH 9.5) 


1410, 1500, 1590 pi 


Apoferritin solution (55 mg/ml) 


16.35 pi 


Ammonium nickel sulfate solution 


75 pi 



Each of the three kinds of reaction solutions obtained 

as described above was left to stand at 23° C for 24 hours. 

Thereafter, each reaction solution was centrifuged at 8000 

G for 30 minutes. Each supernatant was collected, and the 

state of the supernatant was observed. 
[0078] 

Next, each of thus resulting supernatants was diluted 
to three fold with water, stained apoferritin with 2% gold 
glucose, and observed with a transmission electron microscope 
(TEM) with fifty thousand fold magnification. When staining 
is conducted with 2% gold glucose, entry into the holding part 
in apoferritin does not take place. Therefore, apoferritin 
having a void holding part, and a nickel compound-apof erritin 
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complex can be discriminated. 
[0079] 

Observation of each supernatant with a transmission 

electron microscope revealed a large number of apoferritin 

including a nanoparticle of a nickel compound therein, with 

the appearance of a protein portion having a white colored 

doughnut like shape, with a central portion which appears black. 

Nanoparticles of the nickel compound had a spherical shape, 

with the diameter of 6 nm (standard deviation: 1 nm) . In other 

words, it is deemed that nanoparticles having a uniform 

particle diameter could be obtained. 
[0080] 

The results of observation as described above are 

presented in Table 5 as a relationship between the 

concentration of the CAPSO buffer and the yield of nanoparticle 

formation (hereinafter, may be also referred to as YCF) . The 

yield of nanoparticle formation (YCF) is a ratio of apoferritin 

including the nanoparticle of the nickel compound (i.e., 

nickel compound-apof erritin complex) therein among 

apoferritin in the supernatant. 
[0081] 

[Table 5] 



CAPSO concentration 


235 mM 


250 mM 


265 mM 


pH 


8.2 


8.3 


8.4 


Yield of nanoparticle formation 


90% 


100% 


100% 



On the other hand, results obtained by cases in which 
conditions employed were exactly the same except that nitrogen 



bubbled water and oxygen bubbled water were used in stead of 
the aforementioned carbon dioxide-bubbled water are shown in 
Table 6 and Table 7, respectively. Table 6 presents the 
results when nitrogen bubbled water was used, whilst Table 
7 presents the results obtained when oxygen bubbled water was 
used. 

[0082] 
[Table 6] 



CAPSO concentration 


235 mM 


250 mM 


265 mM 


PH 


8.2 


8.3 


8.4 


Yield of nanoparticle formation 


0% 


5% 


20% 



[0083] 
[Table 7] 



CAPSO concentration 


235 mM 


250 mM 


265 mM 


pH 


8.1 


8.2 


8.3 


Yield of nanoparticle formation 


0% 


5% 


20% 



When the states of these supernatants were observed, the 
supernatant of the reaction solution including CAPSO at the 
concentration of 250 mM was turbid, and plenty of 
precipitations of Ni(OH) 2 were found in the supernatant of the 
reaction solution including CAPSO at the concentration of 265 
mM. Therefore, it is believed that the precipitation point 
of Ni(OH) 2 in the constitution of the reaction solution of this 
Example is approximately pH 8.3 (approximately pH 8.2 when 
oxygen bubbled water was used) . At the higher pH than the 
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precipitation point, nickel ions (Ni 2+ ) rapidly precipitates 
in the form of Ni(OH) 2 , thus, it is believed that a lot of 
apoferritin aggregates to give precipitates accompanied by- 
such precipitation of Ni(OH) 2 . On the other hand, it is 
believed that formation of nanoparticles becomes difficult 
as the pH becomes lower, because the presence of enough 
hydroxide ion to form nanoparticles is not ensured in the 
solution. Therefore, it is concluded that preferable 
condition for efficiently forming nanoparticles involves the 
pH which is approximate to the precipitation point or the pH 

which is slightly lower than the precipitation point. 
[0084] 

From the results shown in Tables 5 to 7 , it is believed 

that a nanoparticle is formed in the holding part of 

apoferritin when the pH approximates to the precipitation 

point in a solution containing apoferritin because a condition 

which allows for the formation of a compound from a nickel 

ion is provided. However, it is in fact exceptionally 

difficult to form a nanoparticle without causing aggregation 

and precipitation of apoferritin. 
[0085] 

In this Example, in any of the cases where carbon 
dioxide-bubbled water, nitrogen bubbled water and oxygen 
bubbled water were used, the aggregation and precipitation 
of apoferritin was found in the supernatant of the reaction 
solution, which contains CAPSO at the concentration of 265 
mM, having the pH higher than the precipitation point. 
Accordingly, it is believed that recovery of the nickel 
compound- apof erritin complex is difficult, and thus 
industrial utilization thereof is not realistic. 
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[0086] 

However, as shown in Tables 5 to 7, in the supernatant 

of the reaction solution including CAPSO at the concentration 

of 265 mM, nanopart icles were formed in the holding part of 

approximately 100% of apoferritin only in instances where 

carbon dioxide-bubbled water was used. 
[0087] 

Moreover, when carbon dioxide-bubbled water was used, 

nanoparticles of the nickel compound were formed in the holding 

part of most apoferritin at the pH which is slightly lower 

than the precipitation point (in the supernatant of the 

reaction solution including CAPSO at the concentration of 235 

mM and 250 mM) , and the aggregation and precipitation of 

apoferritin was also suppressed. 
[0088] 

To the contrary, in instances where nitrogen bubbled 

water and oxygen bubbled water were used, nanoparticles were 

not formed in the holding part of most apoferritin at the pH 

which is approximate to the precipitation point or is slightly 

lower than the precipitation point (in the supernatant of the 

reaction solution including CAPSO at the concentration of 235 

mM and 250 mM) . 
[0089] 

That is, formation of nanoparticles in the holding part 

of apoferritin while suppressing the aggregation of 

aggregation could be achieved only in instances where carbon 

dioxide-bubbled water was used. 
[0090] 

(Example 2: Test for examining influences of kinds of 
anion of nickel salt upon production of nickel 



compound- apof erritin complex) 

In this Example, each of the solutions was first prepared, 

i.e., an apof erritin solution in which HEPES buffer, CAPSO 

buffer and commercially available apof erritin (derived from 

equine spleen) were dissolved, and nickel salt solutions 

(nickel sulfate solution, nickel nitrate solution and nickel 

chloride solution) . Concentration and pH of each solution are 

as shown in Table 8. After preparing each solution, degassing 

of the HEPES buffer and CAPSO buffer was immediately conducted . 
[0091] 

[Table 8] 



Solution (pH) 


Concentration 


HEPES buffer (pH 7.5) 


500 mM 


CAPSO buffer (pH 9.5) 


500 mM 


Apof erritin solution 


55 mg/ml 


Nickel salt solution 


200 mM 



Next, Milli Q water was provided, and carbon 

dioxide-bubbled water was prepared by bubbling carbon dioxide 

into Milli Q water for 30 minutes. Immediately thereafter, a 

reaction solution was prepared having the constitution presented 

in Table 9 by admixing each solution presented in Table 8 into 

the carbon dioxide-bubbled water. In this Example, reaction 

solutions having three different CAPSO concentrations were 

prepared. Thus, reaction solutions having three kinds of pH 

were prepared . 
[0092] 



[Table 9] 



Solution (pH) 


Concentration 


HEPES 


150 mM 


CAPSO 


140, 150, 160 mM 


Apof erritin 


0.3 mg/ml 


Ammonium nickel sulfate 


5 mM 



In this Example, each reaction solution having the 

constitution presented in Table 9 was prepared to give the 

total volume of 3 ml, therefore, the amount added of carbon 

dioxide-bubbled water and each solution presented in Table 

8 was as shown in Table 10. 
[0093] 



[Table lo] 



Solution (concentration, pH) 


Concentration 


Carbon dioxide-bubbled water 


Added to give total volume of 3 ml 


HEPES buffer (500 mM, pH 7.5) 


900 pi 


CAPSO buffer (500 mM, pH 9.5) 


840, 900, 960 jil 


Apoferritin solution (55 mg/ml) 


16.35 pi 


Nickel salt solution (200 mM) 


75 pi 



Each of the three kinds of reaction solutions obtained 
as described above was left to stand at 23° C for 24 hours. 
Thereafter, each reaction solution was centrifuged at 8000 
G for 30 minutes. Each supernatant was collected, and the 
state of the supernatant was observed. Each supernatant of 
the reaction solution including CAPSO at the concentration 



of 160 mM (pH 8.24) was slightly turbid, thus it was believed 
that the precipitation point of Ni(0H) 2 in the constitution 
of the reaction solution of this Example was approximately 
pH 8.2. 

[0094] 

Next, each of thus resulting supernatants was diluted 

to three fold with water, stained apoferritin with 2% gold 

glucose, and observed with a transmission electron microscope 

(TEM) with fifty thousand fold magnification. When staining 

is conducted with 2% gold glucose, entry into the holding part 

in apoferritin does not take place. Therefore, apoferritin 

having a void holding part, and a nickel compound-apof erritin 

complex can be discriminated. 
[0095] 

Results of observation of each supernatant with a 

transmission electron microscope are illustrated in Figs. 7 

(a) to (c). As is shown in Figs. 7 (a) to (c), apoferritin 

including a nanoparticle of a nickel compound therein, with 

the appearance of a protein portion having a white colored 

doughnut like shape, with a central portion which appears black, 

was observed. In any of the supernatants, nanoparticles of 

the nickel compound had a spherical shape, with the diameter 

of 6 nm (standard deviation: 1 nm) . In other words, it is 

deemed that nanoparticles having a uniform particle diameter 

could be obtained. 
[0096] 

The results of observation as described above are 
presented in Table 11 as a relationship between the 
concentration of CAPSO and the yield of nanoparticle formation 
(YCF) versus each nickel salt used. 



[0097] 



[Table ll] 



CAP SO 

concentration 


Yield of nanoparticle formation (%) 




Nickel sulfate 


Nickel nitrate 


Nickel chloride 


140mM(pH8 . 14 ) 


40 - 50 


30 - 40 


50 - 60 


160mM(pH8.19) 


100 


100 


100 


180mM(pH8.24) 


100 


100 


100 



As is clear from Table 11, nanoparticles of a nickel 

compound were formed in the holding part of almost 100% 

apoferritin at the pH of approximately 8.2 which is a 

precipitation point of Ni(OH) 2 in the constitution of the 

reaction solution of this Example. Furthermore, also in each 

supernatant of the reaction solution including CAPSO at the 

concentration of 140 mM (pH 8.14), it is revealed that 

nanoparticles of a nickel compound were formed in the holding 

part of apoferritin, although the yield of nanoparticle 

formation was low. 
[0098] 

From the results of this Example and the results of the 

aforementioned Example 1, it is concluded that the pH which 

is approximate to or is slightly lower than the precipitation 

point of Ni(OH) 2 is suitable for efficiently forming 

nanoparticles of a nickel compound in the holding part of 

apoferritin . 

[0099] 

Moreover, from the results of this Example, the yield 
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of nanoparticle formation was approximately the same 
irrespective of kinds of anion of the nickel salt. Therefore, 
it is revealed that anion of the nickel salt does not affect 
the formation of nanoparticles . 

[0100] 

(Example 3: Test for exploring optimal conditions: pH; 
concentration of ammonium nickel sulfate solution; and time 
period for leaving to stand, upon production of nickel 
compound-apof erritin complex) 

In this Example, each of the solutions was first prepared, 
i.e., an apof erritin solution in which HEPES buffer, CAPSO 
buffer and commercially available apof erritin (derived from 
equine spleen) were dissolved, and an ammonium nickel sulfate 
solution. Concentration and pH of each solution are as shown 
in Table 12. After preparing each solution, degassing of the 
HEPES buffer and CAPSO buffer was immediately conducted. 

[0101] 

[Table 12] 



Solution (pH) 


Concentration 


HEPES buffer (pH 7.5) 


500 mM 


CAPSO buffer (pH 9.5) 


500 mM 


Apof erritin solution 


55 mg/ml 


Ammonium nickel sulfate solution 


200 mM 



Next, Milli Q water was provided, and carbon 
dioxide -bubbled water was prepared by bubbling carbon dioxide 
into Milli Q water for 30 minutes. Immediately thereafter, 
twelve kinds of reaction solutions having the constitutions 1 
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to 12 presented in Table 13 were prepared by admixing each 

solution described above into the carbon dioxide -bubbled water 

such that the total volume became 3 ml. 
[0102] 

[table 13] 





HEPES 
(mM) 


CAPSO 
(mM) 


Apof erritin 
(mg/ml) 


Ammonium 
nickel 
sulfate (mM) 


Constitution 1 


150 


220 


0.3 


2 


Constitution 2 


150 


240 


0 . 3 


2 


Constitution 3 


150 


260 


0.3 


2 


Constitution 4 


150 


220 


0.3 


3 


Constitution 5 


150 


240 


0.3 


3 


Constitution 6 


150 


260 


0.3 


3 


Constitution 7 


150 


220 


0.3 


5 


Constitution 8 


150 


240 


0.3 


5 


Constitution 9 


150 


260 


0.3 


5 


Constitution 10 


150 


220 


0.3 


10 


Constitution 11 


150 


240 


0.3 


10 


Constitution 12 


150 


260 


0.3 


10 



Each of the solutions having twelve kinds of constitutions 

obtained as described above was left to stand at 23° C for 0, 

8, 16, 24, 32, 40 and 48 hours. The pH of each solution is 

as shown in Table 14, and the pH was not altered after leaving 

to stand for 48 hours. 
[0103] 

[Table 14] 
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pH of solution 


Constitution 1 


8.74 


Constitution 2 


8 .82 


Constitution 3 


8.93 


Constitution 4 


8.48 


Constitution 5 


8.58 


Constitution 6 


8.73 


Constitution 7 


8.32 


Constitution 8 


8.42 


Constitution 9 


8.5 


Constitution 10 


8.14 


Constitution 11 


8. 15 


Constitution 12 


8.16 



After leaving to stand for a predetermined time period, 

each reaction solution was centrifuged at 8000 G for 10 minutes. 

Each supernatant was collected, and the state of the 

supernatant was observed. 
[0104] 

First, the concentration of apoferritin in the resulting 

supernatant was determined using a protein assay kit 

(manufactured by BioRad) . 
[0105] 

Next, the resulting each supernatant was diluted to 3 
fold with water, stained apoferritin with 2% gold glucose, 
and observed with a transmission electron microscope (TEM) 
with fifty thousand fold magnification. When staining is 
conducted with 2% gold glucose, entry into the holding part 
in apoferritin does not take place. Therefore, apoferritin 
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having a void holding part, and a nickel compound- apoferrit in 
complex can be discriminated. A nickel compound-apof erritin 
complex presented the appearance of a protein portion having 
a white colored doughnut like shape, with a central portion 
including a nanoparticle of a nickel compound which appears 
black. 

[0106] 

The results of observation above are illustrated in Figs. 

8 (a) to (d) as a relationship between the time period for 

leaving to stand and the concentration of apof erritin (solid 

curve), and as a relationship between the time period for 

leaving to stand and the yield of nanoparticle formation (YCF) 

( dashed curve ) . Figs. 8 (a), (b), (c) and (d) illustrate the 

cases in which the concentration of ammonium nickel sulfate 

is 2 , 3, 5 and 10 mM, respectively. Any of the solutions 

including CAPSO at the concentration of 260 mM (compositions 

3, 6, 9 and 12) resulted in precipitation of almost all 

apof erritin after leaving to stand for 8 hours, with the 

concentration of apoferritin in the supernatant of 

approximately 0. Therefore, the results obtained thereby are 

omitted in Fig. 8. Thus, the results illustrated in Fig. 8 

are: (a) for samples 1 and 2; (b) for samples 4 and 5; (c) 

for samples 7 and 8; (d) for samples 10 and 11. 
[0107] 

As is clear from the results as described above, 
precipitation points of Ni(OH) 2 in the cases where the 
concentration of ammonium nickel sulfate is 2, 3, 5 and 10 
mM, respectively, were approximately 8.82, 8.58, 8.42 and 
8.15. 

[0108] 



Next, the results of observation described above are 
illustrated in Fig. 9 as a relationship between the concentration 
of ammonium nickel sulfate and the efficiency of nanoparticle 
formation (ECF) (solid curve), and as a relationship between 
the concentration of ammonium nickel sulfate and the pH of 
precipitation point (dashed curve) . The efficiency of 
nanoparticle formation (ECF) is a ratio of apoferritin including 
the nanoparticle therein (i.e., nickel compound- apoferritin 
complex) in the supernatant among apoferritin which was added 
initially (when the solution was prepared) . 
[0109] 

From the results illustrated in Fig. 9, the efficiency of 
nanoparticle formation (ECF) exhibits a maximum value at the 
concentration of approximately 3 mM of ammonium nickel sulfate 
when the solution was left to stand for 16 hours or longer. 
Although the highest efficiency of nanoparticle formation (ECF) 
is exhibited when the solution was left to stand for 16 hours, 
the yield of nanoparticle formation (YCF) under this condition 
is not 100% at any concentration of ammonium nickel sulfate, 
as is clear from Fig . 8 . When the yield of nanoparticle formation 
(YCF) is not 100%, it turns out that apoferritin which includes 
a nanoparticle and apoferritin which does not include 
apoferritin coexist, therefore, a further purification step for 
separating these is required. Accordingly, it is believed that 
a condition of: the concentration of ammonium nickel sulfate 
of 3 mM; pH of approximately 8.58; and time period for leaving 
to stand the solution post preparation of 24 hours may be an 
optimal condition for producing a nickel compound-apof erritin 
complex, in light of the efficiency of formation and the 
efficiency of purification. 
[OHO] 

(Example 4: Test for examining influences of ammonium 
ion upon production of nickel compound-apof erritin complex) 
In this Example, each of the solutions was first prepared, 
i.e., an apoferritin solution in which HEPES buffer, CAPSO 
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buffer and commercially available apof erritin were dissolved, 
and an ammonium nickel sulfate solution. Concentration and 
pH of each solution are as shown in Table 15. After preparing 
each solution, degassing of the HEPES buffer and CAPSO buffer 
was immediately conducted. 

Com] 

[Table 15] 



Solution (pH) 


Concentration 


HEPES buffer ( pH 7.5) 


500 mM 


CAPSO buffer ( pH 9.5) 


500 mM 


Apof erritin solution 


55 mg/ml 


Aqueous ammonia 


1000 mM 


Nickel salt solution 


200 mM 



Next, Milli Q water was provided, and carbon 
dioxide -bubbled water was prepared by bubbling carbon dioxide 
into Milli Q water for 30 minutes. Immediately thereafter, a 
reaction solution was prepared by admixing each solution 
presented in Table 15 into the carbon dioxide-bubbled water. 
In addition, a reaction solution was also prepared at the same 
time to which water which was subjected to merely degassing 
without bubbling carbon dioxide (degassed water) was added 
in stead of the carbon dioxide-bubbled water. The 
constitution of the reaction solution is presented in Table 
16. 

[0112] 



[Table 16] 



Solution (pH) 


Concentration 


HEPES 


150 mM 


CAPSO 


210 mM 


Apof erritin 


0 . 3 mg/ml 


NH 4+ (supplied from aqueous ammonia) 


20 mM 


Ammonium nickel sulfate solution 


5 mM 



In this Example, each reaction solution having the 

constitution presented in Table 16 was prepared to give the 

total volume of 3 ml, therefore, the amount added of each 

solution presented in Table 15 and carbon dioxide-bubbled 

water or degassed water was as shown in Table 17. 
[0113] 

[Table 17] 



Solution (pH) 


Concentration 


Carbon dioxide-bubbled water or 
degassed water 


Added to give total 
volume of 3 ml 


HEPES buffer (500 mM, pH 7.5) 


900 pi 


CAPSO buffer (500 mM, pH 9.5) 


1260 |il 


Apof erritin solution (55 mg/ml) 


16.35 pi 


Aqueous ammonia 


60 pi 


Ammonium nickel sulfate solution (200 mM) 


75 pi 



Each of thus resulting solutions was left to stand at 
23° C for 24 hours. Thereafter, each reaction solution was 
centrifuged at 8000 G for 30 minutes. Each supernatant was 



collected, and the state of the supernatant was observed. 
[0114] 

Next, each of thus resulting supernatants was diluted 

to three fold with water, stained apoferritin with 2% gold 

glucose, and observed with a transmission electron microscope 

(TEM) with fifty thousand fold magnification. When staining 

is conducted with 2% gold glucose, entry into the holding part 

in apoferritin does not take place. Therefore, apoferritin 

having a void holding part, and a nickel compound-apof erritin 

complex can be discriminated. 
[0115] 

Result of observation with a transmission electron 

microscope of the supernatant of the reaction solution in which 

carbon dioxide-bubbled water was used is illustrated in Fig. 

10 (a). As is shown in Fig. 10 (a), apoferritin including a 

nanoparticle of a nickel compound therein, with the appearance 

of a protein portion having a white colored doughnut like shape 

with a central portion which appears black, was observed. 
[0116] 

The pH of the supernatant of the reaction solution in 
which carbon dioxide-bubbled water was used was further 
adjusted, and explored for the precipitation point. 
Consequently, the precipitation point of Ni(OH) 2 was pH of 8.65. 
Grounds for elevation of the pH of the precipitation point 
compared to the aforementioned Examples 1 to 3 are believed 
to involve protection of a nickel ion (Ni 2+ ) through the 
formation of a complex between the ammonium ion and the nickel 
ion (Ni 2+ ). Range of pH, from the pH of 8.65 of this 
precipitation point to the pH which is slightly lower than 
this pH of 8.65, is an optimal range of pH for forming a 



nanoparticle of the nickel compound. It could be ascertained 

that aggregation of apoferritin was suppressed, and that a 

nanoparticle of the nickel compound was formed in the holding 

part of apoferritin, when the supernatant of the reaction 

solution in which carbon dioxide-bubbled water was used fell 

within the aforementioned optimal range of pH. 
[0117] 

When the pH of the supernatant of the reaction solution 

in which carbon dioxide-bubbled water is used rises higher 

than the pH of 8.65 of the precipitation point, apoferritin 

aggregates, and thus industrial utilization becomes difficult. 

Further, as the pH of the supernatant of the reaction solution 

in which carbon dioxide-bubbled water is used lowers than the 

optimal range of pH for forming a nanoparticle, formation of 

nanoparticles declines, with no formation of nanoparticles 

observed at pH of 8.3. 
[0118] 

On the other hand, a result of observation with a 
transmission electron microscope of the supernatant of the 
reaction solution in which degassed water was used is 
illustrated in Fig. 10 (b) . As is shown in Fig. 10 (b) , 
apoferritin including a nanoparticle of a nickel compound 
therein, with the appearance of a protein portion having a 
white colored doughnut like shape with a central portion which 
appears black, was not observed. Additionally, similar 
results were obtained even though the pH of the supernatant 
of the reaction solution in which degassed water was used was 
variously altered. Although causes of failure of formation 
of a nanoparticle are believed to involve influences of the 
ammonium ion, the mechanism thereof is uncertain. 



[0119] 

In any event, because the ammonium ion which is present 

in the reaction solution forms a complex with the nickel ion 

(Ni 2+ ) to result in stabilization, the pH of the precipitation 

point of Ni(OH) 2 becomes high in this Example. Importance of 

the presence of a carbonate ion and/or a hydrogen carbonate 

ion in the reaction solution for the formation of a 

nanoparticle , and suitability for forming the nanoparticle 

of keeping the pH of the reaction solution to be slightly lower 

than the pH of the precipitation point of Ni(OH) 2 are commonly 

found as in the aforementioned Examples 1 to 3. 
[0120] 

(Example 5: Test for exploring optimal concentration of 
ammonium ion upon production of nickel compound-apof erritin 
complex) 

In this Example, each of the solutions was first prepared, 

i.e., an apof erritin solution in which HEPES buffer, CAPSO 

buffer and commercially available apof erritin (derived from 

equine spleen) were dissolved, and an ammonium nickel sulfate 

solution. Concentration and pH of each solution are as shown 

in Table 18. After preparing each solution, degassing of the 

HEPES buffer and CAPSO buffer was immediately conducted. 
[0121] 



[Table 18] 



Solution (pH) 


Concentration 


HEPES buffer (pH 7.5) 


500 mM 


CAPSO buffer (pH 9.5) 


500 mM 


Apoferritin solution 


55 mg/ml 
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Aqueous ammonia 


1000 mM 


Ammonium nickel salt 


solution 


200 mM 


Next, Milli Q 


water was 


provided. 


and carbon 



dioxide -bubbled water was prepared by bubbling carbon dioxide 
into Milli Q water for 30 minutes . Immediately thereafter, each 
solution as shown in Table 18 was admixed into carbon 
dioxide-bubbled water to give the reaction solution having the 
constitution presented in Table 19 with the total volume of 3 
ml. 

[0122] 
[Table 19] 



Solution (pH) 


Concentration 


HEPES 


150 mM 


CAPSO 


150 to 300 mM 


Apof err it in 


0.3 mg/ml 


NH 4+ (supplied from aqueous ammonia) 


0, 10, 20, 30 mM 


Ammonium nickel sulfate solution 


5 mM 



Each of the reaction solutions obtained as described 

above was left to stand at 23° C for 48 hours. Thereafter, each 

reaction solution was centrifuged at 8000 G for 30 minutes. 

Each supernatant was collected, and the state of the 

supernatant was observed. 
[0123] 

Next, each of thus resulting supernatants was diluted 
to three fold with water, stained apoferritin with 2% gold 
glucose, and observed with a transmission electron microscope 



(TEM) with fifty thousand fold magnification. When staining 

is conducted with 2% gold glucose, entry into the holding part 

in apoferritin does not take place. Therefore, apoferritin 

having a void holding part, and a nickel compound-apof erritin 

complex can be discriminated. 
[0124] 

Results of the above observation are illustrated in Fig. 

11 (a) for yield of nanoparticle formation (YCF) , and in Fig. 

11 (b) for efficiency of nanoparticle formation (ECF) versus 

pH of the supernatant of the reaction solution. The 

precipitation point of each solution was: pH of 8.42 for the 

solution to which aqueous ammonia was not added, pH of 8.58 

at 10 mM of the ammonium ion (hereinafter, the ammonium ion 

in this Example refers to one supplied from aqueous ammonia) , 

pH of 8 . 65 at 20 mM of the ammonium ion, and pH of approximately 

8.92 at 30 mM of the ammonium ion. 
[0125] 

As is clear from the aforementioned results, the pH of 
the precipitation point increases depending on the 
concentration of the ammonium ion as added. Grounds for this 
event are believed to involve protection of a nickel ion (Ni 2+ ) 
through the formation of a complex between the ammonium ion 
and the nickel ion (Ni 2+ ) as is also analyzed in Example 4. 
Range of pH, from the pH which is approximate to the pH of 
this precipitation point or slightly lower than this 
precipitation point is optimal for forming nanoparticles in 
each of the solutions including an ammonium ion at different 
concentrations. It could be ascertained that aggregation of 
apoferritin was suppressed, and a nanoparticle of the nickel 
compound was formed in the holding part of apoferritin when 

4 0 



the supernatant of the reaction solution in which carbon 

dioxide-bubbled water was used fell within the aforementioned 

optimal range of pH. 
[0126] 

As is clear from Fig. 11 (b), the highest efficiency of 
nanoparticle formation (ECF) was exhibited by a solution 
including the aqueous ammonia at the concentration of 20 mM, 
being 100% at the pH which is approximate to the precipitation 
point- Having the efficiency of nanoparticle formation (ECF) 
of 100% means that all apoferritin added to the solution forms 
a nanoparticle in its holding part. In Example 3 without the 
addition of aqueous ammonia, the efficiency of nanoparticle 
formation (ECF) did not reach to 100% under any condition (see. 
Fig. 9), therefore, it is revealed that efficient formation of 
nanoparticles was enabled by adding an ammonium ion. In 
particular, in the constitution of this Example, the best yield 
of the nanoparticles is achieved when an ammonium ion is added 
such that the concentration becomes 20 mM. Irrespective of the 
addition of aqueous ammonia, the yield of nanoparticle formation 
(YCF) attained 100% at the pH which is approximate to the 
precipitation point, respectively. 
[0127] 

In this Example, high value of efficiency of 

nanoparticle formation (ECF) is obtained by adding an ammonium 

ion at an appropriate concentration. In addition, importance 

of the presence of a carbonate ion and/or a hydrogen carbonate 

ion in the reaction solution for the formation of a 

nanoparticle, and suitability for forming the nanoparticle 

of keeping the pH of the reaction solution to be approximate 

to the pH of the precipitation point of Ni(OH) 2 or slightly 

lower than the same are commonly found as in the aforementioned 

Examples 1 to 4 . 
[0128] 
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(Example 6: Production of chromium compound-apof erritin 
complex) 

In this Example, each of the solutions was first prepared, 

i.e. , an L chain apof erritin solution in which HEPES buffer, 

MES buffer and genetically engineered apoferritin of L chain 

alone were dissolved, and an ammonium chromium sulfate 

solution. Concentration and pH of each solution are as shown 

in Table 20. After preparing each solution, degassing of the 

HEPES buffer and MES buffer was immediately conducted. 
[0129] 



[Table 20] 



Solution (pH) 


Concentration 


HEPES buffer (pH 7.5) 


500 mM 


MES buffer (pH 5.5) 


55 mM 


L chain apoferritin solution 


55 mg/ml 


Ammonium chromium sulfate solution 


200 mM 



Next, Milli Q water was provided, and carbon 

dioxide -bubbled water was prepared by bubbling carbon dioxide 

into Milli Q water for 30 minutes. Immediately thereafter, a 

reaction solution was prepared having the constitution presented 

in Table 21 by admixing each solution presented in Table 20 into 

the carbon dioxide-bubbled water. 
[0130] 

[Table 21] 



Solution (pH) 


Concentration 


HEPES 


150 mM 



MES 


2 


10 mM 


L chain apoferritin 


0 


. 1 mg/ml 


Ammonium chromium sulfate 


5 


mM 



In this Example, each reaction solution having the 

constitution presented in Table 21 was prepared to give the 

total volume of 3 ml, therefore, the amount added of carbon 

dioxide-bubbled water and each solution presented in Table 

20 was as shown in Table22. 
[013l] 

[Table 22] 



Solution (concentration, pH) 


Concentration 


Carbon dioxide-bubbled water 


Added to give total 
volume of 3 ml 


HEPES buffer (500 mM, pH 7.5) 


900 pi 


MES buffer (500 mM, pH 5.5) 


1260 pi 


L chain apoferritin solution (27.5 mg/ml) 


16.35 pi 


Ammonium chromium sulfate solution (200 mM) 


75 pi 



The reaction solutions obtained as described above were 

left to stand at 23° C for 24 hours. Thereafter, each reaction 

solution was centrifuged at 8000 G for 30 minutes. Each 

supernatant was collected, and the state of the supernatant 

was observed. 
[0132] 

Next, each of thus resulting supernatants was diluted 
to three fold with water, stained apoferritin with 2% gold 
glucose, and observed with a transmission electron microscope 



(TEM) with fifty thousand fold magnification. When staining 

is conducted with 2% gold glucose, entry into the holding part 

in apoferritin does not take place. Therefore, apoferritin 

having a void holding part, and apoferritin including the 

nanoparticle of the chromium compound (i.e., chromium 

compound-apof erritin complex) therein can be discriminated. 
[0133] 

Observation of each supernatant with a transmission 

electron microscope revealed a large number of apoferritin 

including a nanoparticle of a chromium compound therein, with 

the appearance of a protein portion having a white colored 

doughnut like shape, with a central portion which appears black. 

Nanoparticles of the chromium compound had a spherical shape, 

with the diameter of 6 nm (standard deviation: 1 nm) . In other 

words, it is deemed that nanoparticles having a uniform 

particle diameter could be obtained. 
[0134] 

Because the pH of the reaction solution was adjusted 

to be approximate to the precipitation point of Cr(OH) 2 , the 

supernatant of the reaction solution was slightly turbid. 

When the supernatant was observed with a transmission electron 

microscope, apoferritin including a nanoparticle of a chromium 

compound therein, with the appearance of a protein portion 

having a white colored doughnut like shape, with a central 

portion which appears black was observed. 
[0135] 

Under the condition employed in this Example, 
nanoparticles of the chromium compound were ascertained within 
about 50% of apoferritin in the supernatant. In other words, 
the yield of nanoparticle formation (YCF) was about 50%. 



Although production of nanoparticles of the chromium compound 

was attempted with the reaction solution under the same 

condition except that degassed water was used in stead of 

carbon dioxide-bubbled water, formation of nanoparticles of 

the chromium compound was not ascertained. 
[0136] 

(Example 7: Production of copper compound- apoferrit in 
complex) 

In this Example, each of the solutions was first prepared, 

i.e., an apoferritin solution in which MES buffer, and 

commercially available apoferritin (derived from equine 

spleen) were dissolved, and an ammonium copper sulfate 

solution. Concentration and pH of each solution are as shown 

in Table 23. After preparing each solution, degassing of the 

MES buffer was immediately conducted. 
[0137] 

[Table 23] 



Solution (pH) 


Concentration 


MES buffer (pH 6.0) 


500 mM 


Apoferritin solution 


5 mg/ml 


Ammonium copper sulfate solution 


10 mM 



Next, Milli Q water was provided, and carbon 

dioxide -bubbled water was prepared by bubbling carbon dioxide 

into Milli Q water for 30 minutes. Immediately thereafter, a 

reaction solution was prepared having the constitution presented 

in Table 24 by admixing each solution presented in Table 23 into 

the carbon dioxide-bubbled water. 
[0138] 



[Table 24] 



Solution (pH) 


Concentration 


MES 


100 mM 


Apoferritin 


0 . 15 mg/ml 


Ammonium copper sulfate 


1.2 mM 



In this Example, each reaction solution having the 

constitution presented in Table 23 was prepared to give the 

total volume of 3 ml, therefore, the amount added of carbon 

dioxide-bubbled water and each solution presented in Table 

23 was as shown in Table 25. 
[0139] 

[Table 25] 



Solution (concentration, pH) 


Concentration 


Carbon dioxide-bubbled water 


Added to give total 
volume of 3 ml 


MES buffer (500 mM, pH 6.0) 


600 pi 


Apoferritin solution (5 mg/ml) 


90 pi 


Ammonium copper sulfate solution (10 mM) 


360 pi 



The reaction solutions obtained as described above were 

left to stand at 23° C for 24 hours. Thereafter, each reaction 

solution was centrifuged at 8000 G for 30 minutes. Each 

supernatant was collected, and the state of the supernatant 

was observed. 

[0140] 



Next, each of thus resulting supernatants was diluted 

to three fold with water, stained apoferritin with 2% gold 

glucose, and observed with a transmission electron microscope 

(TEM) with fifty thousand fold magnification. When staining 

is conducted with 2% gold glucose, entry into the holding part 

in apoferritin does not take place. Therefore, apoferritin 

having a void holding part, and apoferritin including the 

nanoparticle of the copper compound (i.e., copper 

compound-apof erritin complex) therein can be discriminated. 
[0141] 

Observation of each supernatant with a transmission 

electron microscope revealed a large number of apoferritin 

including a nanoparticle of a copper compound therein, with 

the appearance of a protein portion having a white colored 

doughnut like shape, with a central portion which appears black. 

Nanoparticles of the copper compound (Cu(OH) 2 ) had a spherical 

shape, with the diameter of 6 nm (standard deviation: 1 nm) . 

In other words, it is deemed that nanoparticles having a 

uniform particle diameter could be obtained. 
[0142] 

Because the pH of the reaction solution was adjusted 

to be approximate to the precipitation point of the copper 

compound (Cu(OH) 2 ), the supernatant of the reaction solution 

was slightly turbid. When the supernatant was observed with 

a transmission electron microscope, apoferritin including a 

nanoparticle of a copper compound therein, with the appearance 

of a protein portion having a white colored doughnut like shape, 

with a central portion which appears black was observed. 
[0143] 

Under the condition employed in this Example, 



nanoparticles of the copper compound were ascertained within 

about 30 to 40% of apoferritin in the supernatant. In other 

words, the yield of nanoparticle formation (YCF) was about 

30 to 40%. 

[0144] 

[effect of the invention] 

As explained hereinabove, nanoparticles having a 

uniform particle diameter can be obtained according to the 

present invention. Moreover, according to the present 

invention, to obtain a compound particle is enabled in a cavity 

part of a protein also with a metal ion which had not been 

hitherto reported on the formation of a particle in the cavity 

part of a protein, and in addition, nanoparticles having a 

uniform particle diameter composed of such a metal ion can 

be obtained. 

[0145] 

Moreover, nanoparticles having an uniform particle 
diameter can be provided, thus quantum efficiency of these 
nanoparticles can be utilized for semiconductor device. 
[brief description of the drawings] 

[Fig. l] A schematic view illustrates the structure of 
apoferritin. 

[Fig. 2] A flow chart illustrates a method of the 
production of a nickel compound-apof erritin complex of 
Embodiment 1 . 

[Fig. 3] A process sectional view illustrates a method 
of the production of a nonvolatile memory cell. 

[Fig. 4] A process sectional view illustrates a method 
of arranging and fixing dot bodies on the surface of a basal 
plate in a two dimensional fashion. 

[Fig. 5] An explanatory view illustrates a method of 
arranging and fixing complexes on the surface of a basal plate 
in a two dimensional fashion. 
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[Fig. 6] A top view illustrates a nonvolatile memory 

cell . 

[Fig. 7] Electron micrographs illustrate states of the 
formation of the nanoparticles in Example 2. 

[Fig. 8] A view illustrates the relationship between 
time at each concentration of ammonium nickel sulfate, and 
apoferritin concentration and the yield of formation in Example 
3. 

[Fig. 9] A view illustrates the relationship between the 
concentration of ammonium nickel sulfate and efficiency of 
formation in Example 3. 

[Fig. 10] Electron micrographs illustrate states of the 
formation of the nanoparticles in Example 4. 

[Fig. ll] A view illustrates the relationship between 
pH, and (a) yield of formation and (b) efficiency of formation 
in Example 5 . 

[DESCRIPTION OF NUMERALS] 

1 apoferritin 

2 channel 

4 holding part 

100, 100' memory cell 

101 Si basal plate of type p 

102 chip separating oxide membrane 

103 gate oxide membrane 

104 dot body 
104a nanoparticle 

105 silicon oxide membrane 

106 Al electrode 

107a first diffusion layer of type n 

107b second diffusion layer of type n 

108 insulation membrane between layers 

109 contact hole 

110 tungsten plug 

111a first aluminum wiring 

111b second aluminum wiring 

130 basal plate 



140 protein molecule 

150 nickel compound- apoferrit in complex 

160 liquid 

170 polypeptide membrane 
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[document title] abstract 
[abstract] 

[PROBLEM TO BE SOLVED] To provide a method of the 

production nanoparticles having a uniform particle diameter, 
in which a cavity of a protein is utilized, which enables to 
obtain also nanoparticles including a metal ion which has not 
been hitherto reported on the formation of a nanoparticle in 
a cavity part of a protein. 

[SOLUTION] A method of the production of a nanoparticle which 
comprises a step of forming a nanoparticle including a compound 
of a metal ion in a cavity part of a protein, in a solution 
containing the protein, the metal ion, and a carbonate ion and/or 
a hydrogen carbonate ion. 

[REPRESENTATIVE FIGURE] Fig. 7 



